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ABSTRACT
Aims. In some scenarios for the formation of the Milky Way bulge the stellar population at the edges of the boxy bulge may be younger
than those on the minor axis, or close to the Galactic center. So far the only bulge region where deep color-magnitude diagrams have
been obtained is indeed along the minor axis. To overcome this limitation, we aim at age-dating the bulge stellar populations far away
from the bulge minor axis.
Methods. Color-magnitude diagrams and luminosity functions have been obtained from deep near-IR VLT/HAWK-I images taken at
the two Southern corners of the boxy bulge, i.e., near the opposite edges of the Galactic bar. The foreground disk contamination has
been statistically removed using a pure disk field observed with the same instrument and located approximately at similar Galactic
latitudes of the two bulge fields, and ∼ 30◦ in longitude away from the Galactic center. For each bulge field, mean reddening and
distance are determined using the position of red clump stars, and the metallicity distribution is derived photometrically using the
color distribution of stars in the upper red giant branch.
Results. The resulting metallicity distribution function of both fields peaks around [Fe/H] ∼ −0.1 dex, with the bulk of the stellar
population having a metallicity within the range: −1 dex .[Fe/H]. +0.4 dex, quite similar to that of other inner bulge fields. Like
for the inner fields previously explored, the color-magnitude diagrams of the two bar fields are consistent with their stellar population
being older than ∼ 10 Gyr, with no obvious evidence for the presence of a younger population.
Conclusions. The stellar population of the corners of the boxy bulge appears to be coeval with those within the innermost ∼ 4◦ from
the Galactic center.
Key words. Galaxy: – Bulge – formation – Techniques: – photometric
1. Introduction
The formation of the central regions of disk galaxies that we
call galactic bulges remains a debated topic in galaxy evolution.
At very early times (z >∼ 4) the rapid and chaotic congregation
of merging gas-rich lumps may have established a first, slowly-
rotating nucleus around which disk galaxies could start to grow.
Later, at z ∼ 2, when an extended gas-rich disk had formed, fed
by a quasi-steady cold streams, instabilities are likely to have
caused fragmentation into massive star-forming clumps that dy-
namical friction may have driven to coalesce at the bottom of the
potential well, thus adding a rotating component (e.g. Noguchi
1999; Immeli et al. 2004; Carollo et al. 2007; Elmegreen et al.
2008). At even later times (z <∼ 1), a dynamical instability of the
now dominant stellar disk may have caused the inner part of the
disk to collapse into a rotating bar (e.g., Shen et al. 2010), from
now on sharing the same potential well with previously formed
structures.
Alternatively, the recent cosmological hydrodynamical Eris
simulations show that bar instabilities can start early, at z > 3,
⋆ Based on data taken at the ESO/VLT Telescope, within the observ-
ing programme 081.B-0489(A).
⋆⋆ The derived photometric catalogs are available in electronic form at
the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A
quickly establishing a compact rotating component with the
structural properties of a pseudobulge in low redshift galaxies,
which weakens due to mergers and strengthens at low z, after the
merging activity has faded away (Guedes et al. 2012). In this lat-
ter scenario it is only the last part of the evolution that resembles
the conventional secular bulge formation scenario since the ini-
tial growth phase is highly dynamical. These simulations show
that, owing to its early assembly, the pseudobulge is dominated
by stars with ages of 10 Gyr or more.
The relative role and timing of these processes (and possibly
others) in establishing the galactic bulges we observe in the local
Universe is yet to be assessed, and likely may differ from one
galaxy to another. Our own Galactic bulge offers a unique op-
portunity to investigate in detail to which extent these processes
have operated in one specific case. Indeed, extensive photomet-
ric, astrometric, and spectroscopic data have started to accumu-
late, allowing us to measure age, chemical compositions, and
kinematic properties for a large number of bulge stars, tempting
us to identify bulge components that may be ascribed to one of
the mentioned processes or another.
Photometric and spectroscopic observations have established
that the metallicities of bulge stars span over a broad range,
from [Fe/H] ≃ −1 to well above solar (e.g. Zoccali et al. 2003;
Fulbright et al. 2006; Zoccali et al. 2008; Johnson et al. 2011,
2013), with a gradient of ∼ 0.6 dex/kpc for |b| > 4◦ along the
1
Valenti et al.: Stellar Ages through the Corners of the Boxy Bulge
bulge minor axis (Zoccali et al. 2008). The α elements appear
to be enhanced relative to Solar proportions, with [α/Fe]≃ +0.4
at low metallicities, then decreasing to reach near-solar refer-
ence value at high metallicities (Rich et al. 2007; Fulbright et al.
2007; Zoccali et al. 2006; Lecureur et al. 2007; Johnson et al.
2011; Gonzalez et al. 2011a), following a trend quite similar
to the thick disk stars (Mele´ndez et al. 2008; Alves-Brito et al.
2010; Gonzalez et al. 2011a).
Star counts and radial velocity studies have shown that the
bulge is significantly elongated (it is, in fact, a bar) with axial
ratios ∼ 1 : 0.41 : 0.38 and an inclination between 29◦ and 32◦
with respect to the line of sight to the Galactic center (Cao et al.
2013, and references therein).
As shown in Figure 1, the bulge isophotes exhibit a boxy
structure that appears to be a natural product of the bar
formation process. Indeed, simulations show that a substan-
tial vertical thickening occurs preferentially near the ends of
the bar (e.g. Combes et al. 1990; Pfenniger & Friedli 1991;
Raha et al. 1991; Debattista et al. 2004). Moreover, counts of
red giant branch clump stars in several directions towards the
outer bulge have revealed the presence of an X-shaped struc-
ture (McWilliam & Zoccali 2010; Nataf et al. 2010; Saito et al.
2011), similar to that present in the boxy bulges of other galaxies
(Bureau et al. 2006).
One can argue that the successive operation of such bulge
forming processes, via early merging and later instabilities in
gas-rich and gas-poor disks, should have left an imprint in the
age distribution of bulge stars, and in correlations among their
ages, compositions, and kinematical properties. Yet, deep color-
magnitude diagrams (CMDs) of bulge fields have so far re-
vealed a uniformly old stellar population, older than ∼ 10 Gyr,
with no appreciable trace of younger stars (Ortolani et al. 1995;
Kuijken & Rich 2002; Zoccali et al. 2003; Sahu et al. 2006;
Clarkson et al. 2008, 2011), thus arguing for an early forma-
tion of the bulge, as opposed to a slow, secular growth extended
over a large fraction of the Hubble time. Some exceptions are
younger stars suggested by microlensing follow-up spectroscopy
(Bensby et al. 2013).
However, one limitation of these studies is that they all ex-
plored small fields (called windows) that lie on or near the bulge
minor axis1, a region that may be avoided by the orbits of stars
added to the bulge by the bar instability. In this respect, the boxy
shape being directly linked to the bar formation, the four corners
of the boxy bulge appear instead to be the ideal places to search
for younger stellar populations.
To explore this possibility, we have obtained deep near-IR
images of two fields near the edges of the boxy bulge, located
as shown in Figure 1. Here we present the resulting CMDs from
which we constrain the stellar ages.
An accurate dating of the bulge component allows one to
gauge at which lookback time (i.e., at which redshift) one should
look for possible analogs of the Milky Way, when their bulge
formation processes were about to start, well ongoing, or already
concluded. Indeed, with an age of ∼ 10 Gyr or older, it is at z >∼ 2
that such analogs can be searched, or at lower redshifts if a sev-
eral Gyr younger components were to be found. Much progress
has been achieved in recent years in mapping galaxy populations
at these redshifts, with large, rotating disks being quite common,
along with other more compact, velocity dispersion dominated
galaxies (e.g Genzel et al. 2006; Fo¨rster Schreiber et al. 2009;
Mancini et al. 2011). In such disks star formation activity of-
1 One exception is the study by Brown et al. (2010) where one field
well removed from the minor axis was also observed.
Fig. 1. 2MASS image of the Galactic bulge (Skrutskie et al.
2006). The peanut shape of the Bulge is clearly visible. From
left to right (decreasing longitude), the location of the fields
observed with HAWK-I is approximately marked with filled
squares, red for the two Bulge fields and green for the disk con-
trol field.
ten peaks at the center, as judged from the surface brightness
distribution of the Hα emission, hence suggesting rapid, in situ
bulge formation. Moreover, these disk galaxies are characterized
by high velocity dispersions (>∼ 50 km s−1), and are far more gas
rich than local spirals of the same mass, with gas fraction of
∼ 50% or more (Daddi et al. 2010; Tacconi et al. 2010). Thus,
it is among galaxies of this kind that we may find progenitors
of the Milky Way galaxy and its bulge, suggesting that bulge
formation took place at a time when the Galaxy was a gas-rich,
actively star forming object in which stellar dynamics was only
one of the actors at play. Dating stellar populations of the bulge
in various directions would set important constraints on its for-
mation and on the cosmic epochs (redshifts) where to look for
analog progenitors. This is indeed the focus of the present paper.
The paper is organized as follows: the observations and data
reduction are presented in Section 2, while in Section 3 we show
the derived CMDs and discuss their general properties. Section 4
is devoted to discussing the main photometric and physical dif-
ferences of the two bulge regions. The photometric metallicity
distribution of the bulge fields is presented in Section 5, while in
Section 6 we derive the bulge age. Finally, Section 7 is devoted
to discuss and summarize our results.
2. Observation and data reduction
Two bulge fields, BUL-SC29 and BUL-SC9, located at the op-
posite edges of the Galactic bar (see Table 1 and Figure 1) were
observed with HAWK-I on Yepun (VLT-UT4) telescope at ESO
Paranal Observatory through the J and Ks filters. HAWK-I is a
near-IR imager with a pixel scale of 0.106”/pix and a total field
of view of 7.5′ × 7.5′.
Both fields have been previously observed by the OGLE-II
survey, hence in this work we adopted their name: BUL-SC9 and
BUL-SC29 (Udalski et al. 2000; Sumi 2004). BUL-SC9 is lo-
cated at the nearest bar edge whereas BUL-SC29 is at the far end
with respect to the Sun position. The two fields have slightly dif-
ferent latitudes because of the need to avoid very bright sources
(i.e. Ks<∼ 8) which cause detector persistence problems (see
HAWK-I User Manual for further details).
Exposures of a disk control field located at (l, b) =
(29.9◦,−3.9◦) were also obtained in order to estimate, and statis-
tically subtract the contamination by disk stars towards the two
bulge fields.
Each bulge and disk frame is the combination of 20 expo-
sures each 1.3 sec long. The observation has been repeated with
a random dithering pattern until reaching the total exposure time
listed in Table 1. A random dithering technique was applied with
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a jitter box width of 30” both for background subtraction and
to cover the small cross-shaped gap of ∼ 15” width between
the four detectors. The observations were taken in service mode
during Periods 81 and 83 (i.e., in 2008 and 2009) with an aver-
age seeing on image of 0.5”±0.1 (see Table 1 for more details).
Notice from Table 1 that the planned J-band observations for
BUL-SC29 field were not completed, resulting in shallower im-
ages compared to the data obtained for the other fields.
The processing of the raw data was performed with standard
IRAF routines. For both filters, we obtained a sky image by me-
dian combination of the dithered images and subtracted it from
each frame. To normalise the pixel-to-pixel response, all frames
were then divided by a normalised twilight flat. Finally, all the
flat- and sky-corrected frames have been averaged in a single im-
age for each of the two filters. In what follows we will refer to
frame as the combination of each of these sets.
We carried out standard photometry, including PSF model-
ing, on each frame using DAOPHOTII and ALLSTAR (Stetson
1987). For each observed field, a photometric catalog listing
the instrumental J and Ks magnitudes was obtained by cross-
-correlating the single-band catalogs. We used more than 200
stars in common between the derived catalogs and 2MASS data
to perform the absolute calibration and astrometrization onto
the 2MASS photometric and astrometric system (Skrutskie et al.
2006).
Completeness and error estimates were derived via artificial-
star experiments. About 4,000 stars were randomly added to the
original bulge and disk frames with magnitudes and colors con-
sistent with the red giant branch (RGB) and main sequence (MS)
instrumental fiducial lines. In order to avoid artificially increas-
ing the crowding in each independent experiment the artificial
stars were added along the corners of an hexagonal grid (see
Zoccali et al. 2000, for more technical details). Figure 2 shows
Fig. 2. Difference between the input and output magnitude of
the artificial star experiments on the HAWK-I frames for the
observed bulge and disk fields. Notice the typical asymmetry
of these differences, with blending with fainter sources making
some stars brighter than they are.
Table 1. Galactic coordinates, image quality and Log of the ob-
served fields
Name l b Filter Exp.Time FWHM
[deg] [deg] [sec] [arcsec]
BUL-SC9 10.3 -4.2 J 3120 0.6
Ks 10920 0.7
BUL-SC29 -6.8 -4.7 J 1560 0.6
Ks 10920 0.4
DISK 29.9 -3.9 J 3120 0.5
Ks 9360 0.4
the results of the completeness experiments as the difference be-
tween the input and output J and Ks magnitudes of the artifi-
cial stars for all the observed fields. The asymmetry in the dis-
tributions shown in Figure 2 is due to occasional blending of
two or more stars that the photometric package is not able to
resolve. This effect is present over the whole magnitude range,
but becomes quite prominent around J ∼ 17, i.e., at the level of
the MS turnoff (TO) of the dominant population, an effect that
must be quantitatively taken into account when trying to iden-
tify a possible intermediate age population, or set limits to it.
The simulations demonstrated that the photometry is more than
50% complete above J ∼20 and Ks ∼19.
3. The Color-Magnitude Diagrams
The derived (Ks, J−Ks) CMD of the observed bulge fields, BUL-
-SC29 and BUL-SC9, is shown in panel c) of Figures 3 and
4, respectively (green dots). In both cases, the large number of
detected stars saturates the plots for Ks >∼ 16 making difficult
to distinguish the different evolutionary sequences, such as the
subgiant branch (SGB) and the MS-TO. To improve the CMDs
we then excluded stars with errors too large J and Ks. In doing
this, we apply an error cut (see panels a) and b)) following the
lower envelope of the Poisson error distribution, hence exclud-
ing all stars with errors larger than that expected at their respec-
tive magnitude levels. The result of this procedure is a cleaner
CMD (black dots in panel c)) in which the color distribution of
stars fainter than Ks=16 is much narrower. Our photometry turns
out to be deep enough to properly sample a good fraction of the
RGB, from about 1 magnitude above the horizontal branch (HB)
down to a couple of magnitudes below the MS-TO. The satura-
tion magnitude limit occurs around Ks ∼11, hence to recover
the brightest part of the RGB we have combined our photometry
with 2MASS data (cross symbols in panels c)).
Both fields have very similar CMDs; the major difference
is, however, the spread in the various evolutionary sequences. In
the case of BUL-SC9 all sequences appear to be quite broad be-
cause of the larger differential reddening and larger distance dis-
persion along the line of sight (see Section 4 for more details).
As expected, the characteristic double red clump signature of
the X-shape structure is not present in any of the derived CMDs.
In fact, as demonstrated by McWilliam & Zoccali (2010) the X-
-shape bulge structure is visible at latitudes |b| ≥ 5.5◦, and rang-
ing over ∼ 13◦ in longitude and 20◦ in latitude. The lower main
sequence of the BUL-SC29 field is actually broader, due to the
poorer S/N in the J band. The bulge HB clump is clearly visible
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Fig. 3. Right panel c) : the derived (Ks, J − Ks) CMD of all stars
measured in the BUL-SC29 field, including both bulge and disk
contributions. Black dots refer to stars with errors smaller than
the selection applied in panels a and b (see text for more de-
tails), with green points referring to stars whose errors exceed
such limits. Black crosses show stars from 2MASS, which are
saturated in the HAWK-I images.
at Ks ∼13 and (J − Ks)∼1, as is the RGB which can be easily
traced down to Ks ∼16.5 as a distinct and separate sequence.
Conversely, the SGB is barely detectable being heavily contam-
inated by the foreground disk stars. The vertical blue sequences
departing from the bulge MS-TO and from the HB clump and
extending upwards correspond, respectively, to the foreground
disk MS, and its disk red clump descendants (see Section 3.1 for
more details).
In Figures 5a and 6a we compare the bulge field CMDs with
a 1 Gyr isochrone (Pietrinferni et al. 2006) for a solar metallicity
population and helium abundance Y=0.273 by using a distance
modulus and reddening correction of (m−M)0=14.57, 14.12 and
E(B − V) = 0.38, 0.65 for BUL-SC29 and BUL-SC9, respec-
tively (see Section 4 for details on reddening and distance). As
can be clearly noticed, a young (∼ 1 Gyr) population belong-
ing to the bulge would have a much bluer color than the disk
MS appearing in these CMDs. Increasing the age, the isochrone
turnoff color and luminosity get progressively redder and fainter.
Therefore to investigate the possible presence of intermediate-
-age population in the bulge it is necessary to remove the fore-
ground disk stars from the CMDs. Actually, the MS of disk stars
hits the bulge CMD right on top of its MS-TO, hence hampering
a reliable age measurement.
3.1. Disk Decontamination
In order to proceed with age dating of our two bulge fields we
must then try to remove as many disk stars as possible from their
CMDs. The best decontamination procedure would consist of
selecting proper motion members, such as in Kuijken & Rich
Fig. 4. As Figure 3 but for the observed bulge BUL-SC9 field.
(2002) and Clarkson et al. (2011), even though the result de-
pends on disk kinematics assumptions. As we do not have suit-
able first epoch data, we adopted a statistical disk decontami-
nation as in Zoccali et al. (2003), which has the advantage over
the proper motions method to be free from kinematics biases.
Moreover, being less time consuming in terms of observations
the statistical approach is generally more suitable to decontam-
inate large areas. The contamination of bulge CMDs from fore-
ground disk stars depends strongly on the latitude of the line
of sight and therefore we have used a control disk field located
approximately at the same Galactic latitude of the bulge fields
but about 30◦ away from the Galactic center (see Table 1). The
derived (Ks, J − Ks) CMD of the control disk field is shown in
Figures 5b and 6b. This procedure assumes that the disk CMD
is the same in the two bulge fields and in the field at l ≃ 30◦,
which of course may not be strictly the case. To reduce as much
as possible the bias that field-to-field differences would induce
we checked for difference in extinction between the fields. In the
case of the BUL-SC29 field, to match the location of the blue,
nearly vertical disk sequence, the disk control field was shifted
by 0.21 mag in color, and in magnitude by the corresponding
AK = 0.35∆E(B − V) (Cardelli et al. 1989). We found no appre-
ciable difference in extinction between BUL-SC9 and the disk-
-control fields, hence no shift in color and magnitude has been
applied. For each bulge field, we have then calculated the bulge-
-to-disk normalization factor which gives us the number of stars
to be removed from the bulge CMD for each given disk star. To
do so, after the mentioned reddening adjustment, we use a re-
gion of the CMDs where no bulge stars are present, i.e., within
the box in the upper left corners in Figures 5a,b and 6a,b. In the
disk control field the number of stars within the box is 1.3 and
1.2 times less than in the corresponding box of BUL-SC29 and
BUL-SC9 field, respectively. Therefore, for each star in the disk
CMD of Figures 5b and 6b we have selected the closest star in
the bulge CMDs of Figures 5a and 6a, and subtracted it adopt-
ing these normalization factors and the star completeness found
4
Valenti et al.: Stellar Ages through the Corners of the Boxy Bulge
Fig. 5. Panel a): The observed CMD of the bulge BUL-SC29
field . The red solid line is the 1 Gyr isochrone for a solar
metallicity population (Pietrinferni et al. 2006). Panel b): The
observed CMD of the disk control field ∼ 30◦ away from the
Galactic center. The region within the box has been used to
normalize the number of disk stars seen through the bulge line
of sight. Panel c): The CMD of the bulge BUL-SC29 field as
statistically decontaminated from the disk population. Panel d):
The CMD of the stars that were statistically subtracted from the
CMD in panel a) in order to obtain the decontaminated CMD
shown in panel c).
in Section 2. Following the prescription of Zoccali et al. (2003),
the distance on the CMD from a disk star to each bulge star is
computed as d =
√
[5 × ∆(J − Ks)]2 + ∆J2], where the factor 5
has the function of giving to color differences a weight close to
that of magnitude differences, as the color range is much smaller
than that spanned by magnitudes. For the BUL-SC29 field, the
decontamination procedure worked quite well as demonstrated
in Figure 5 panels c) and d), which respectively show the CMD
of the disk-free bulge field and the CMD of the stars statistically
removed. In the BUL-SC29 cleaned CMD one can now clearly
follow most of the bulge evolutionary sequences: from the HB
clump and lower RGB down to the SGB and the MS-TO. What
looks as an excess of stars at the faint end of the cleaned bulge
MS, at Ks ≥17 and (J−Ks) ≥1.2, is instead an artifact due to the
different J-band magnitude limit reached in the bulge and disk
CMDs, as the broader color distribution of the shallower data
(of the bulge field) is not matched by the deeper disk data. As
far as the BUL-SC9 field is concerned (see panel c) of Figure 6),
the disk decontamination is more accurate at faint magnitudes
being the photometry equally deep in the bulge and in the disk
control field. However, the presence of larger differential red-
dening in this field combined with larger distance spread along
the line of sight and a lower density make the CMD sequences
at and above MS-TO broader than in the case of the BUL-SC29
field, hence the MS-TO is less sharply defined. In fact, when we
use one of the analytic model from (Dwek et al. 1995, equation
Fig. 6. The same as Figure 5 but for the bulge BUL-SC9 field.
(3e)) with the parameters recently derived by (Cao et al. 2013,
i.e. x0 = 0.68 Kpc, y0 = 0.28 Kpc, z0 = 0.26 Kpc), we calculate
that the bulge star density in BUL-SC9 is a factor ∼ 2.2 smaller
than in BUL-SC29.
4. The Luminosity Function of the Two Fields
We have used the statistically decontaminated catalogs derived
in Section 3.1 to construct the J- and Ks-band luminosity func-
tions (LF) of the two bulge fields. In case of BUL-SC29, we
also applied a color cut in the low MS to avoid the artifact due
to the different J-band magnitude limit reached in the bulge and
disk CMDs (see § 3.1). The result is shown in Figure 7, where
the location in magnitude of the observed HB red clump (RC)
is marked with a black arrow (see also Table 2). In order to
quantify the reddening along the two bulge lines of sight we
have adopted a differential method based on the comparison be-
tween the HB-RC color, (J − Ks)RC, of the observed fields and
that of Baade’s Window. In fact, the color shift needed to over-
lap the HB-RC of two bulge fields with comparable age and
metallicity is only a function of the reddening. According to
Gonzalez et al. (2011b), in the Baade’s Window the HB-RC is
located at KsRC=13.15 and JRC=14.11. Using the Cardelli et al.
(1989) extinction coefficients and assuming E(B − V) = 0.55
for Baade’s Window (Gonzalez et al. 2011b) an average redden-
ing E(J − Ks) = 0.20±0.03 (i.e. E(B − V) = 0.38) has been
derived for the BUL-SC29 field and E(J − Ks)=0.34±0.05 (i.e.
E(B − V) = 0.65) has been derived for the BUL-SC9 field.
These estimates nicely agree with the corresponding values from
Gonzalez et al. (2012) which are reported in Table 2.
We have derived the mean distance of the two bulge
fields by using these reddening estimates and adopting
MRCK = −1.55 which is the intrinsic Ks magnitude of the
HB-RC for a population 10 Gyr old of solar metallicity
(Pietrinferni et al. 2004). This value of MRCK was adopted by
Gonzalez et al. (2011b) to map the reddening over the whole
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Fig. 7. LFs of the observed bulge fields as obtained from the
disk-decontaminated CMDs. The black arrows mark the location
of the HB-RC whereas the grey areas refer to the approximate
location of the MS-TO.
bulge and is within 0.02 mag from the empirical calibration of
van Helshoecht & Groenewegen (2007). The derived mean in-
trinsic distance moduli of the BUL-SC29 and BUL-SC9 fields
are listed in Table 2. They indicate that BUL-SC29 field is lo-
cated at the far edge of the bar and the BUL-SC9 field is located
at the near edge. This is consistent with the larger distance spread
in the BUL-SC9 field indicated by its broader CMD sequences.
Indeed, we notice from Figure 7 that the RC feature is much
sharper in the BUL-SC29 field than it is in the BUL-SC9 field,
as expected.
5. The Photometric Metallicity Distributions
In this section we derive the metallicity distribution function
(MDF) of the two bulge fields by adopting a procedure sim-
ilar to that described by Zoccali et al. (2003) and used in
Gonzalez et al. (2013). For this purpose we need to use only
the bright part of the RGB, which however is saturated in the
HAWK-I data and poorly populated as illustrated in Figures 3
and 4. Therefore, we resort to 2MASS data, using the CMD
of 30’×30’ regions centered on the two bulge fields, together
with an empirical grid of Galactic cluster RGB ridge lines se-
lected from the sample of Valenti et al. (2004a). Such compar-
isons must be performed in the absolute CMDs [MK, (J − Ks)0],
hence for the two fields we use the reddening and distance val-
ues derived in Section 4, and listed in Table 2. We then derive
the photometric metallicity estimate for each star from its color
by interpolating within the templates grid.
We selected the following globular clusters as empiri-
cal RGB templates: M92 ([Fe/H]= −2.1), M55 ([Fe/H]=
−1.61, NGC6752 ([Fe/H]= −1.42), NGC362 ([Fe/H]= −1.15),
M69 ([Fe/H]= −0.68), NGC6440 ([Fe/H]= −0.50), NGC6528
([Fe/H]= −0.17), and the old open cluster NGC6791 ([Fe/H]=
Fig. 8. Upper panels: The CMDs from 2MASS of the upper
RGB for the two 30′ × 30′ fields including our Hawk-I bulge
fields in the absolute [MK, (J − Ks)0] plane. The empirical glob-
ular cluster RGB templates are over-plotted with metallicities
from [Fe/H]= −2.1 to +0.35 (see text in Section 5 for details
on cluster names and metallicities). Black symbols indicate the
stars used to derive the photometric metallicity distribution func-
tion. Bottom panels: Derived photometric metallicity distribu-
tion function of the observed bulge fields with a bin size of
0.15 dex.
+0.35). The selection has been made in order to cover the widest
metallicity range in suitable fine steps.
As shown in the upper panels of Figure 8, the derived MDF
of the two bulge fields is obtained considering only RGB stars i)
fainter than the RGB-Tip as derived by Valenti et al. (2004b); ii)
brighter than MK = −4.5, to retain the region of the RGB with
the highest sensitivity to metallicity variations, to avoid contam-
ination by red clump stars and to exclude the AGB clump stars,
which are predicted to lie around MK ∼ −2.7 (Pietrinferni et al.
2004); and iii) excluding stars bluer than (J −Ks)0 = 0.7 to min-
imize any possible residual contamination by disk stars.
The derived MDF for the two fields is shown in the lower
panels of Figure 8 together with the number of selected stars.
The major source of uncertainty in the inferred MDFs is the red-
dening E(J − Ks) and its spread within each field (which will
tend to broaden the distribution). To quantify the errors we also
compute the MDF by assuming reddening estimates which dif-
fer from those listed in column [3] of Table2 by ±0.03 and ±0.05
for BUL-SC29 and BUL-SC9, respectively. The result is a shift
of the peak distribution by .0.15 dex. For further details on
the error estimates the reader can refer to Gonzalez et al. (2013)
who derive the photometric metallicity map of the bulge by us-
ing the same empirical grid and 2MASS photometric catalog.
It should be mentioned that given the uncertainties associated
to reddening, depth effects and possible mixing of populations,
the adopted method provides a reliable description of the over-
all metallicity range spanned by the bulk of the population (i.e.
mean and dispersion of the distribution). Here we are interested
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Table 2. Derived parameters for the observed bulge fields
Field E(J-K)a E(J-K)b E(B-V)c (m-M)d0 JRC KsRC JT O KsT O < [Fe/H] >
BUL-SC9 0.32 0.34 0.65 14.12 13.80 12.80 17.60 16.80 -0.10
BUL-SC29 0.21 0.20 0.38 14.57 14.02 13.15 17.80 17.14 -0.15
a Reddening from Gonzalez et al. (2012); b Reddening measured in this work;
c Assuming the Cardelli et al. (1989) extinction coefficients and the E(J-K) listed in column [3];
d Assuming MRCK = −1.55 (see text for more details).
in deriving the metallicity range to be adopted in § 6 by the the-
oretical isochrones to derive the stellar ages.
Within the errors, the derived MDFs are very similar in the
two fields. They are quite broad, with the bulk of the stars ly-
ing within the metallicity range −0.8 .[Fe/H].+0.6 and with a
peak around [Fe/H]∼ −0.1. As expected, the peak of the derived
MDFs nicely agree with the results by Gonzalez et al. (2013)
who found [Fe/H]=-0.20 dex and -0.15 dex, for BUL-SC29 and
BUL-SC9 respectively.
Given the limitations of the method, these MDFs are
broadly consistent with the spectroscopic MDFs of the bulge
(Zoccali et al. 2008), and in the case of the BUL-SC29 field with
the multiband photometric MDF of Brown et al. (2010). In both
cases, the secondary peak at low metallicity is most likely due to
a contamination from foreground disk stars in the HB-RC. We
conclude that the two bulge fields have indistinguishable MDFs.
6. Stellar Ages
Using the statistically decontaminated CMDs presented in
Section 3.1 we now estimate the age of the bulge stellar pop-
ulations at the two opposite edges of the bar.
For the sake of comparison, in Figure 9 the CMD of BUL-
-SC9 has been shifted in magnitude and color to match the lo-
cation of the HB-RC in the BUL-SC29 field, having identified
the magnitude of the HB–RCs from Figure 7. The difference be-
tween the magnitude of the HB-RC and the MS-TO is essen-
tially the same in the two fields as emphasized by the horizontal
dashed lines, implying that the stellar population in these two
bulge regions are coeval. Moreover, to further show the simi-
larity between the two fields in Figure 9 we have over-plotted
in both panels the CMD ridge line for the BUL-SC29 field (red
solid line). As one can easily appreciate, the fiducial ridge line of
BUL-SC29 nicely fits also all the observed CMD sequences of
the BUL-SC9 field, from the MS–TO up to the RGB, thus ruling
out any appreciable differences between the two fields in terms
of mean metallicity and age.
The central panel in Figure 9 shows the J, (J − H) CMD
of the bulge globular cluster NGC 6528 from HST/NICMOS
data (Ortolani et al. 2001) tranformed into 2MASS photomet-
ric system by applying the Brandner et al. (2001) color trans-
formations. The J-band magnitude has been shifted in order to
have the HB-RC of the cluster at the same level as that of the
two bulge fields. The metallicity of NGC 6528, as measured
from high-resolution optical and near-IR spectroscopy, ranges
−0.1 ≤[Fe/H]≤ +0.07 (Carretta et al. 2001; Zoccali et al. 2004;
Origlia et al. 2005), i.e., it is very close to the mean metallicity of
the two bulge fields. The figure shows that the J-band luminos-
Fig. 9. Comparison between the CMDs of the bulge fields ob-
served in this work (left and right panels). The magnitude dif-
ference between the HB-RC and MS-TO of the BUL-SC29 field
(dashed horizontal lines) is compared with the same quantity for
the BUL-SC9 field. The CMD of the BUL-SC9 field has been
shifted in magnitude and color to match the location of BUL-
-SC29 HB-RC. In both these panels the solid red line is the em-
pirical ridge line of the CMD of the BUL-SC29 field. The central
panel shows the J − (J − H) CMD of the bulge globular cluster
NGC 6528, showing that the luminosity difference between the
HB–RC and the MS–TO is virtually identical to that of the two
bulge fields.
ity difference between the HB-RC and the MS–TO ∆JHBTO of the
cluster is virtually the same as that of the two bulge fields, which
ensures that the cluster and the bulk stellar population in the bar
fields are virtually coeval. This extends to the edges of the bar the
same age dating procedure pioneered by Ortolani et al. (1995)
for the Baade’s Window field in the bulge. Still, the turnoff re-
gion of the BUL-SC29 field - and even more so of the BUL-SC9
field - appears to be more extended in luminosity compared to
that of the cluster. There are indeed important differences be-
tween cluster and fields, namely, the cluster stars are chemically
homogeneous, all at the same distance and suffer relatively little
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Fig. 10. The CMD of the BUL-SC29 field with overplotted theoretical isochrones (Valcarce et al. 2012). Isochrone ages, metallicities
and helium abundances are indicated near the top-left corner of each panel. Sub-solar isochrones are α-enhanced, solar-scaled
otherwise. The metallicity range covered by the bulk of the stars in the BUL-SC29 field is 0.002. Z .0.060, as derived in Section5.
Open circles mark stars which are most likely blue stragglers (see text for more details).
differential reddening being sampled in the small 19′′.2 × 19′′.2
NICMOS field of view. Conversely, stars in the two bulge fields
span a wide range in metallicity and distance, and are more af-
fected by differential reddening over the much larger 7′.5 × 7′.5
field of view of HAWK-I. Of course, we cannot completely ex-
clude the presence of a minority of metal-rich, few Gyr younger
stars (see below).
To more accurately quantify this conclusion we consider in
more detail the case of the BUL-SC29 field, which is less af-
fected by differential reddening and distance dispersion effects.
The left panel of Figure 10 shows that the bulk of the bulge
population has an age &10 Gyr. In fact, when comparing the
BUL-SC29 CMD with 10 Gyr theoretical isochrones of vari-
ous metallicities, the observed spread in color is fully consistent
with the metallicity dispersion measured in Section 5. Indeed,
most stars have metallicity in the range between [Fe/H]∼ −1
(blue solid line) and [Fe/H]∼ +0.6 (red solid line), with a peak
around [Fe/H]∼ −0.10 dex (grey solid line). Most stars in the
BUL-SC29 field are in fact confined within the two extreme
isochrones. Moreover, as we pointed out in Section 2, our ar-
tificial stars experiments have shown that the accuracy of our
photometry suffers from blending effects. In particular in the
MS-TO luminosity range (i.e. Ks ∼ 17.15 ± 0.2), the blend-
ing could affect the star measurements up to ∼15%, leading to
a systematic overestimate of the luminosity (see also Figure 2).
This effect rapidly increases with decreasing luminosity along
the MS, which accounts for the increasing mismatch between
the isochrones and the data seen in Figure 10. Hence, the ob-
served luminosity dispersion affecting the MS-TO region can be
well accounted when considering the blending effect together
with ∼0.26 mag 1-σ dispersion due to the distance distribution
along the line of sight (see Section 5 in Gonzalez et al. 2013),
with very little room left for the presence of an intermediate age
population. It is worth emphasizing that blending can make stars
brighter but never bluer than the true turnoff. Therefore, the blue
cutoff of the MS can put a stronger constraint on age than the
measured MS–TO luminosity, providing that an appropriate set
of isochrones is used.
This is further illustrated by the comparison between the ob-
served CMD and 3 and 5 Gyr isochrones for super-solar metal-
licity, shown in the right panel of Figure 10, which demon-
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strates that there is indeed little room left for the presence of
young/intermediate-age populations.
The spur of stars bluer than J − Ks ∼ 0.6 and brighter than
Ks ∼ 17, marked with open circles in the right panel of Fig. 10,
are most likely the blue straggler progeny of binary star evolu-
tion, as demonstrated for an inner bulge field by Clarkson et al.
(2011). In order to verify it we calculated the blue straggler fre-
quency (S BS S = NBS S /NHB) as the number of blue straggler
(NBS S ) normalized to the total number of HB stars (NHB) used as
reference population. NHB has been estimated by using the LFs
shown in Fig. 7: by subtracting from the RC-HB peak the contri-
bution of the RGB stars, previously derived by fitting the LF in
the range J ≥ (JRC + 1) and J ≤ (JRC − 1). We found S BS S=0.4,
which is consistent with the result of (Clarkson et al. 2011, i.e.
0.31 ≤ S BS S ≤ 1.23). Finally, it is worth to mention that our
estimate of S BS S should be regarded as a lower limit because the
derived NHB refers only to the number of red HB stars, being the
small contribution from blue HB stars very difficult to estimate
from our photometry.
As we have mentioned earlier, the BUL-SC29 field was also
observed with HST/WFC3 by Brown et al. (2010) who noted
that its J − (J − H) CMD is virtually identical to that of three
other inner bulge fields, just a few degrees from the Galactic
center. Though a detailed age-dating of such fields was beyond
the scope of the Brown et al. (2010) paper, they note that all such
fields are dominated by an old (∼ 10 Gyr) population.
7. Discussion and conclusion
The near-IR CMDs we have constructed for the two Southern
corners of the boxy bulge indicate, as far as we can say, a uni-
formly old stellar population (∼ 10 Gyr, or older), similar to that
of the more central fields close to the minor axis of the bulge,
when the same CMD method is employed (Ortolani et al. 1995;
Zoccali et al. 2003; Brown et al. 2010; Clarkson et al. 2011).
The CMDs of these bulge fields are indeed very similar to that
of the bulge globular cluster NGC 6528 which has a metallic-
ity very close to the mean metallicity of the bulge fields. In
particular, the luminosity difference between the HB-RC and
the MS-TO is virtually identical as shown in Figure 9, with
∆JHBTO ≃ 3.8±0.2, which ensures cluster and fields having essen-
tially the same age within better than ∼ 20%. Thus, rather than
trying here a detailed isochrone fitting dating of the bulge fields,
we report prior age estimates of the bulge cluster NGC 6528.
This is in very good agreement with results from the recent
Eris cosmological simulations (Guedes et al. 2012), which coin-
cidentally produce a galaxy that by z = 0 resembles very closely
the internal structure and mass distribution of an Sb-Sbc spi-
ral galaxy such as our own Milky Way (Guedes et al. 2011).
This prompts to compare more profound aspects of pseudob-
ulge formation between simulations and detailed observations,
such as metallicity evolution and metallicity-age relation, that
can in turn aid the interpretation of current and future datasets.
Detailed multi-wavelength mock photometry and spectroscopy
of the simulated galaxies will be an important tool in order to
make progress in this direction.
Restricting to age estimates based on HST data, NGC 6528
was given an age 13±3 Gyr by Ortolani et al. (2001) based on
NICMOS data, 11±2 Gyr by Feltzing & Johnson (2002) based
on two epoch WFPC2 data (hence using only proper-motion
cluster members), 12.6 Gyr by Momany et al. (2003) based on
proper motion members and a combination of WFPC2 and near-
-IR data, and finally 12.5 Gyr by Brown et al. (2005) based on
ACS data. We conclude that the bulk stellar population of the
galactic bar edges (identified with the two corners of the boxy
bulge indicated in Figure 1) is over ∼ 10 Gyr old, and such age is
indistinguishable from that reported for more inner bulge fields,
a few degrees from the Galactic center or lying along the bulge
minor axis. On this basis, we do not find evidence for the age
distribution in these fields far off the minor axis being any dif-
ferent from that on the minor axis. Thus, if the bar instability
had the effect of injecting disk stars into the bulge, it might have
done so a long time ago.
Partly at variance with our present results and all pre-
vious ones based on the CMDs of specific bulge fields
(Ortolani et al. 1995; Zoccali et al. 2003; Clarkson et al. 2008,
2011; Brown et al. 2010) is the age-dating of bulge stars based
on the microlensing dwarf project of Bensby et al. (2013, and
references therein). Rather that from magnitudes and colors,
their ages are derived from the effective temperature and gravity
from the high-resolution spectra obtained during the microlens-
ing events, then using isochrones in the (Teff, log g) plane. They
find that 31 of their 58 microlensed dwarfs (∼ 53%) would be
younger than 9 Gyr, with 13 of them (∼ 23%) being younger
than 5 Gyr. Whereas the dwarfs more metal-poor that [Fe/H]≃
−0.4 appear to be uniformly old (older than ∼ 10 Gyr), the more
metal-rich dwarfs appear to span a very wide range of ages from
virtually the age of the Universe down to less than ∼ 2 Gyr.
There appears to be a discrepancy between the ages inferred
from CMD of bulge fields and those derived for the microlensed
dwarfs and subgiants. Admittedly, age errors for individual mi-
crolensing events are quite large, and when such uncertainties
are taken into account only 3 out of 58 stars (∼ 5%) within
1σ are younger than 5 Gyr (Bensby et al. 2013). This is not too
far from the upper limit of ∼ 3% estimated by Clarkson et al.
(2011). Of course, each of the two methods has its own ad-
vantages and disadvantages. The traditional CMD method deals
with very large numbers of stars, and therefore can in principle
also reveal trace of young populations. However, the metallici-
ties of individual stars are not known, and one does not know
if e.g., some of the stars above the MS-TO of the Z = 0.060
isochrone in Figure 10 are old and of lower metallicity, or they
are metal-rich stars younger than 10 Gyr. On the other hand, be-
sides forcefully dealing with very small number statistics, the
microlensing approach is more heavily dependent on model at-
mospheres which may introduce systematic effects, especially at
high metallicity. However, it has the advantage that the metallic-
ity of each individual star is known.
The Galactic bulge HST/WFC3 Treasury Project
(Brown et al. 2009, 2010) is designed to overcome the
limitations of the CMD method by measuring metallicities
photometrically, using a purposely tailored multiband dataset.
It will also do so for a very large number of stars around the
MS-TO in four different bulge fields, and using proper motion
to select pure bulge stars. For these reasons we believe that
a more sophisticated, thorough isochrone dating procedure
will be best attempted using the Treasury Project data, rather
than the present dataset, where individual metallicities are not
known and the disk decontamination of the bulge population is
necessarily statistical.
Still, our more solid result is that no appreciable age differ-
ences appear to exist between the central regions of the bulge
(the innermost ∼ 4◦ from the Galactic center) and the two ex-
plored fields at two corners of the boxy bulge, at the edges of the
galactic bar.
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